This study contributes a rich set of quantitative methodologies including a nonparametric approach (Chi-plots and K-plots) as well as copulas (traditional and timevarying with Student's t-copulas) to the existing literature in terms of determining the dependence structure in ASEAN stock markets. Drawing on the emerging ASEAN equity returns of six countries from January 2001 to December 2017, we found that Student's t-copulas under time-varying approach is the most appropriate approach to explain these co-movements. Among all research return pairs, the dependence between Vietnam and other ASEAN equity indices has the lowest value. Meanwhile, all couples show left-and right-tail dependence by each pair for pre-and postfinancial shocks. Hence, diversification across these pairs of equity markets from ASEAN is still adequate for international investors, though it might trigger contagion risks.
Introduction
Following the 2007 financial crisis, studies on co-movements among financial asset returns have penetrated every aspect of risk management models. There are several financial risk management models in existence, such as Value-at-Risk (introduced by J.P. Morgan in 1980), Expected Shortfall, Spectral Risk Measures, and others. However, these concepts are supposed to be specialized constructions that do not integrate external shocks such as spillover phenomenon and non-linear dependence. Recently, the application of the multivariate copulas approach has attracted scholars' attention because this technique exhibits asymmetric tail dependence.
When it comes to linear dependence, the research data should carefully test its shape as well as the clearly known distribution. Nevertheless, some financial data are entirely different in certain periods including 'hot' growth, crisis, or abnormal return for any reason. Therefore, using popular distribution in single-variate has some disadvantages in validating risk models. For instance, correlation (or Pearson parameter) is usually used for linear dependence, but the estimation is criticized for being biased. Jin and Lehnert (2018) indicate that copulas would result in consistent results, robustness, and flexibility for these kinds of risk models.
In the context of the growth of emerging stock markets, the strong linkage among markets such as Europe and Asia attracts many scholars' attention. Therefore, there are many questions that are continuously raised by international investors when choosing the appropriate portfolios for investment. Additionally, in ASEAN countries, some equity markets draw attention because in relation to emerging markets such as Singapore, Thailand, Malaysia, and Vietnam. For the reasons stated above, we employed non-parametric and parametric statistics to estimate the dependence structure of ASEAN stock markets during the period from 2001 to 2017. Specifically, Vietnam is one of the countries that have potential growth in terms of equity market . Of course, challenges as well as risks are involved (Huynh et al. 2020a, b) . It is worth investigating a region involving such expansive opportunities and challenges. The three main questions in this research as follows are focused on contributing new empirical evidence: (i) was there any dependence structure, particularly spillover risk, among ASEAN nations during the period from 2001 to 2017? (ii) If possible, what was the absolute magnitude of this dependence? (iii) Is it possible to simulate the dependence trend in these estimated parameters?
Most of the ASEAN nations have experienced a significant financial crisis between 1997 and 1999, during which period Thailand has its first crisis. In the mere 10 years since then, these economies have faced the global financial crisis instigated by subprime mortgage interconnected with structured investment vehicles from the United States. One of the ASEAN countries that applied effective policies to control the impact of the spillover phenomenon on equity markets is Malaysia. Mahathir Mohamad, then Prime Minister of Malaysia, applied capital control measures, which were conscientiously opposed by the International Monetary Fund at that time (Lim and Goh 2012) . The primary policy purposes were to stabilize domestic economies and to discourage speculative short-term financial instruments. In general, the isolation of Malaysia from other economies, which is what low interdependence refers to, supported management regimes to avoid large capital withdrawal from foreign investors in portfolio investment. Therefore, we examine the dependence structure among ASEAN economies to confirm the level of contagion risk transmitted through equity markets, which is theorized as one of the main causes of the financial crisis. By employing time-varying copulas to construct our hypothesis testing, we indicate whether the spillover risk transmission is higher or not by the determined level of parameters. Additionally, using nonparameters based on plotting the dependence, we re-evaluate our findings from another perspective.
In the second section, we acknowledge the currently existing literature and define what our contributions are. This research is mainly driven by two motivations: firstly, it aims to model the structural dependence of several markets and the interactions between them at the time in order to build a portfolio based on those markets. Secondly (and more importantly) it has been empirically tested in the ASEAN region (especially in emerging markets such Malaysia, Vietnam, etc.), where such research is quite limited. To summarize, our contributions are to (i) fill a gap in the literature on modelling dependence structures by employing an integration of different quantitative econometrics by the use of time-varying copulas under Student's t-copulas, which will capture the left-tail dependence over a specific period; (ii) focus on the ASEAN region and some emerging economies on which limited research has been conducted; and (iii) propose practical applications for the financial community including investors and policymakers.
The paper proceeds in five sections: a brief reprise of standard theory of dependence structure in the financial aspect ("Literature review" section), methodology and data ("Data and methodology", section, "Data sample and explanation" section), analysis and findings ("Copulas approaches" section), and policy implications ("Non-parametric approach" section). Bekaert et al. (2014) contributes an understanding of the fundamental concept of spillover volatility as well as contagion risk across economies through global stock markets. It is clear from this that stock markets are interdependent. As such, Mun and Brooks (2012) and Burggraf et al. (2019) evaluate that risks could be incurred by transmission by higher movements from stock prices. This can be easily understood from the financial crisis, which enlarged risk through contagion possibilities: the more volatility, the more transmission. In the previous perspectives, linear methods have been employed to articulate this matter. However, it is necessary to address the nonlinear shape of data and marginal risks under left-tail dependence. Genest and Favre (2007) emphasize that copulas approach not only captures ordinary correlation but also deals with tail dependence in any random variable.
Literature review
There are many studies regarding modeling dependency by copulas. Charfeddine and Benlagha (2016) investigate the dependence structure between twelve kinds of commodities and four main stock indexes such as SP500, CAC40, DAX30, and FTSE100 from 1992 to 2015. By employing different copulas modeling including Gaussian copulas, Rotated Clayton copulas, Plackett copulas, Student's t-copulas, Symmetrized Joe-Clayton copulas, and Frank copulas, this paper concludes that Student's t-copulas are the most appropriate for verifying the vast majority of estimated regimes in different economies. However, instead of emerging markets, this research's scope mainly focuses on the US stock market, which sometimes involves very high return as well as volatility. Furthermore, most of the recent studies concentrate on explaining the dependence modeling in developed countries, such as Liu et al. (2013) or Righi et al. (2015) . Furthermore, commodities and energy sources are also important factors for estimation, as in studies from Masters and White (2011) , Tang and Xiong (2012) , and Adams and Glück (2015) . Interestingly, Huynh et al. (2018) conduct updated research on copulas estimation for risk validation in the cryptocurrency market. However, a primary limitation of the study is the use of non-dynamic copulas, which is a popular copulas approach used in estimation along with wavelet-based copulas, employed by Aloui et al. (2011) to define the dependence structure between agricultural commodity products and other financial instruments. Many previous studies mainly employ multivariate GARCH to determine the dynamic correlation; afterward, these findings are used to interpret implications for the level of dependence between these kinds of assets. Therefore, the main problem is the emergence of results that are biased and misleading as indicated by Füss et al. (2012) . This calls attention to correlation patterns being unstable under conditional regimes, and inconsistency through erratic behavior. Delatte and Lopez (2013) indicate definitively that there is a dependence structure among many pairs of commodity futures and return on equity indexes in the asymmetric model with the time-varying copula. It is worth noting that Patton (2006) extends time-varying copulas with conditional joint distribution to rank the dependence structure under tail between Chinese stock markets and others.
Regarding copula models for joint distributions, a large number of studies such as Poon et al. (2004) , Longin and Solnik (2001) , and Bae et al. (2003) conclude that stock markets seem to collapse together but reach their peak individually. Therefore, we focus on examining both tails of the return on ASEAN stock markets to investigate the spillover risks, which might be transmitted through any shock from one market. Employing copulas methodology, especially the time-varying approach, quantifies contemporaneous interdependence between univariate time series concerning the comovements of other random variables. Bartram et al. (2007) and Ane and Labidi (2006) collect data from the European stock indices to measure dependence structure in copulas. Meanwhile, Patton (2006) extends the time-varying copulas to illustrate his hypotheses that data often moves dynamically. Interestingly, there is a paper by Jiang et al. (2017) concerning co-movement and the volatility fluctuation between stock markets in the ASEAN region. This paper employs the three-dimensional continuous wavelet transformation from 2009 to 2016. Conversely, Mun and Brooks (2012) evaluate that dependence structure, as well as risk, may emerge from this period. Nevertheless, this paper by Jiang et al. makes contributions through its empirical findings when it shows that Vietnam has the lowest level of dependence. In contrast, historical events proved that Malaysia employed policies to avoid withdrawal from capital flows, which might have a lower dependence too.
Based on this literature review, we employ a rich set of quantitative techniques to bridge some gaps in previous research. First, the research period is expanded from 2001 to 2017, which covers the financial crisis in 2007 and 2008. Second, few studies cover ASEAN regions. Third, Jiang et al's study (Jiang et al. 2017 ) mainly focuses on wavelet function incorporated into traditional copulas rather than time-varying copulas. Hence, we choose to employ time-varying copulas with t-Student's distribution to illustrate the dependence structure. Finally, we would like to compare some historical events with the statistical results to affirm and critique some countries' policies regarding stock capital flows.
Furthermore, there are several empirical studies that have employed quantitative techniques to capture heavy tails and co-movements using Extreme value theory (EVT), Dynamic conditional correlation (DCC), and mixture and vine copulas, such as Al ; Al ; Do et al. (2016) and Nguyen et al. (2016) . The review by Do et al. (2016) expressly indicated that there is no study that employs time-varying under Student's t-copulas for examining tail dependence structure among 185 relevant research papers over 16 years. Noticeably, most studies come into an agreement that there is dependence structure, known as spillover risks, among ASEAN-6 countries. Moreover, the studies of Al ; Al Nguyen et al. (2016) look more deeply into co-movements as well as risk transmission from global perspectives through arguments on financial crises. Interestingly, these studies have addressed the underlying limitations of econometric models. Recently, Luu Duc Huynh (2019) employed the VAR-SVAR Granger Causality and Student's-t copulas to estimate the causal relationships in the cryptocurrency market. This study also indicates the role of joint distribution in terms of risk determination in spillover effects. It suggested the employment of further quantitative techniques such as copulas integrated with the most appropriate distribution for correcting the misspecified models. To summarize, we acknowledge these studies to establish a chain of quantitative evidence that copulas is considered the cutting-edge method to estimate the tail dependence structure.
By reviewing the current literature on ASEAN regions, we found that the study of Jiang et al. (2017) addressed co-movements in wavelet form structure, which relates to leading and lagging countries in cyclical business phases. Later, Maneejuk et al. (2018) studied structural dependence from the perspective of oil. Li and Zeng (2018) further contributed to the literature by estimating dependence structure among ASEAN countries, the United States, and China. Recently, Nguyen and Huynh (2019) constructed the portfolio of the ASEAN community through calculating the dependence structure. We have gathered that the previous results have contributed to the literature in terms of empirical methodologies and the variety of assets. Despite the extensive work being continuously conducted in this field, there is little investigation of dependence structure in stock markets in ASEAN areas, which are considered collectively as the emerging economic part of the world. More importantly, our research is the initial step for those who seek to establish international portfolios based on dependence structure during a different period. We will contribute to existing literature by using time-varying copulas under Student's t-copulas to estimate dependence structure, especially to examine the tail-left dependence, among ASEAN-6 equity markets.
Data and methodology

Data sample and explanation
We collected the data for our estimation from the stock index of ASEAN countries by Thomson Reuters in the period from January 2001 to December 2017. We used the equity indices VN Index, SET Index, FTSE Straits times Index, PSEi Index, FTSE Bursa Malaysia KLCI Index, and Jakarta SE Composite Index, which are representative of the stock markets of Vietnam, Thailand, Singapore, the Philippines, Malaysia, and Indonesia, respectively. The main reason for our choice of these countries was to ensure the availability of datasets from between 2001 and 2017. Additionally, these six stock markets occupy 80% the ASEAN regions, while the remaining ones are small and newly established, for example, Cambodia, Laos, Myanmar, etc. In addition, Do et al. (2016) found that most studies examining the capital market in the ASEAN region also use these 6 countries, such as Balli et al. (2014) . Therefore, our results can be interpreted to relate to the ASEAN area. After streamlining our data by eliminating the missing data from the various holidays in these stock markets, we calculate the logreturn as theorized by Fama and Miller (1972) . 1 After calculating the ASEAN stock returns, we summarize the data based on some basic criteria such as mean, standard deviation, skewness, and kurtosis. By doing this, we can note some features from each economy in the ASEAN region.
As a result in Table 1 and Figure 1 , we determined that the average return in Indonesia was notably higher than the other stock markets in the ASEAN area. The Indonesia index
, in which the specific index returns rt. by the time t. I t is the stock index of the specific country in period t, and I t-1 is the stock index of the specific country in the period (t-1) increased 15 times during the period from 2001 to 2017. This explains why many investors choose to earn their return from this market. Furthermore, the Indonesian Government has gradually developed its policies to build infrastructure as well as to attract foreign direct investment, which fosters this equity market to become one of the most rapidly growing emerging stock markets. In contrast, Singapore experiences the lowest average return in the ASEAN region, although Singaporean market capitalization is the largest. However, because Singapore has reached a saturation point, investors might not take opportunities to earn profits. Thus, the volatility in Singapore is the lowest, which presents stable movements as well as neutralizes volatile risks. When it comes to other risk factors such as skewness and kurtosis, Thailand has suffered from a higher absolute value with − 1.4041 and 14.0140, respectively. It can be interpreted that Thailand has negative skewness in the left tail. The standardized kurtosis, then, is over four, which means that the heavy tail is also a risk factor in this country. The monetary crisis was catalyzed by Thailand in 1997. Additionally, not long ago, Thailand's SET index decreased by 108.41 points, equivalent to the loss of 816 Baht (nearly 23 billion USD) (Sutheebanjard and Premchaiswadi 2010) . The main reason for these statistics in Thailand is the failure to control the depreciation of Thai Baht, and the presence of risks associated with the country.
Copulas approaches
Huynh et al. (2018), Huynh and Burggraf (2020) assert that the intent of the copulas approach comes from Sklar (1959) 's theorem of generating joint multivariate probability-distribution functions. In our research, we refer to studies from Huynh et al. (2018) , specifically the fundamental concept of joint density function H in Eq. (2) with C representing the copulas:
which satisfies the main condition for x = (x 1 , x 2 , …,
The function 'C' here is called 'traditional copulas' (or vanilla copulas), with two main characteristics: (i) dividing into many sides and (ii) marginal distribution following a standard normal distribution. 2 This copula has a disadvantage in distribution. Hence, we would like to refer the other copulas' functions as follows. Among the variety of copula families, we mainly focus on t-DCC copulas (t-student's distribution of Dynamic Conditional Correlation copulas), Gaussian DCC copulas (Gaussian Dynamic Conditional Correlation copulas), tv-copulas (time-varying copulas) and tv-SJC copulas (time-varying and static bivariate symmetrized Joe-Clayton copulas). Nevertheless, Charfeddine and Benlagha (2016) conclude that t-student copulas allow us to estimate fat-tail shape. Additionally, it may increase the joint probability that results in the same events happening. Therefore, this study also indicates that t-student copulas will more applicable for dynamic data, whereas the Gaussian faces limitation. Thus, the t-student copulas (with u and v as uniform random variables obtained from the cumulative distribution function) are written as:
Its components include parameter ρ, which represents a parameter of estimated copulas, and ν, which is the degree of freedom of t-student's distribution. Meanwhile, t −1 ν is the inverse of the standard univariate (Charfeddine and Benlagha 2016) . To be more specific, SJC copulas present both upper and lower tail with two parameters τ U , τ L , respectively. Clearly, the other copulas require symmetrical dependence of random variables for estimation. Thus, Static Bivariate Symmetrized Joe-Clayton copulas have an Fig. 1 Weekly Logarithmic Returns by country. Based on our plotted weekly logarithmic returns charts, we recognized that the volatility is quite high in the period of 2007. This represents the 2007 global financial crisis, which triggered the large gaps in stock return movements. This characteristic fulfilled our prediction at first glance, with further estimation required advantage over symmetrized data, and offers high precision in relation to the tail, calculating exactly the expected coefficient for interpretation. In particular, the Joe-Clayton copula is written as a function: Hotta et al. (2006) expands the approach mentioned earlier by symmetric τ U = τ L by this formula:
We develop this model by adding the time-varying factor then standardize it into tv-SJC copulas with the research of Charfeddine and Benlagha (2016) regarding dependence parameters:
where j = 1, 2, …, m + 1; T 0 = 0. T m + 1 = T and c j is the conditional mean of estimated dependency parameters for each regime. This is done under the assumption that the dependence parameter is calculated by past information and follows an ARMA (1,k). Hence, the Gaussian coefficient according to Nguyen and Bhatti (2012) is:
This means that parameter k is very wide and historical information is needed to choose the most appropriate one. We also propose the Gumbel and Clayton copulas here with the same assumption of ARMA (1,k) 3 :
After defining how to establish the tv-SJC copulas above, in the following equation by Nguyen and Bhatti (2012) is indicated the dynamics of the upper-and lower-tail dependences, respectively.
3 We used Akaike's Information Criterion (AIC) and Schwarz's Bayesian Information Criterion to choose the most appropriate lag-order for ARMA (1,k).
In order to interpret the level of dependency of the data structure, we utilized the literature as well as the empirical evidence of Meneguzzo and Vecchiato (2004) , Mashal and Zeevi (2002) , Breymann et al. (2003), and Galiani (2003) .
The main method to estimate copulas parameters, therefore, is Inference-functionfor-margins (IFM), which extracts the exact maximum likelihood (EML). Thus, these parameters are quite important to define the level of dependency.
This approach is derived from the study of Joe and Xu (1996) , Joe (1997) , and Joe (2005) , in which F and c t are the functions for unknown marginal parameter vectors and unknown copula parameter, respectively. This value is used under the assumption that the margins are correctly specified, and sample variables are unobservable, independent, and identically distributed random variables (i.i.d.).
Non-parametric approach
We used the study by Nguyen et al. (2016) and Huynh et al. (2020a) for plotting each point. We plotted on graphs of a wide area (λ i , χ i ) for the movement of both variables (X i , Y i ) with i = 1, 2, …, n. In order to draw this pair (X i , Y i ), the calculation was as follows:
Here, S i ¼ signfð F i − 1 2 ÞðG i − 1 2 Þg . The confidence interval lies in AEc p = ffiffiffi n p (approximately at C p at the significance level 95%, which is nearly 1.78). Quantile-Quantile-plot (QQ-plot) was used, and the value of H i is defined as follows:
Therefore, k 0 is the relative density. This is the main approach of the K-plot (or Kendall-plot). Furthermore, we also refer to the studies by Dastgir et al. (2019a, b) and other performance measures from Saito (2019) and Eom et al. (2019) for recent literature incorporating new research methodologies of copula Causality.
Findings
Test of stationary
Primarily, we employed Dickey-Fuller and the Autocorrelation Function (ACF) to test whether our return series is stationary or not. The results show that all return variables from each country are stationary at the original level from Table 2 and Figure 2 . Its finding is appropriate for the following test, which we carry out.
Test of dependence structure by linear correlation
In Table 3 , the level of dependency of these ASEAN countries varies from 0.13577 to 0.5655. Interestingly, the pair of Singapore and Malaysia experiences high correlation whereas the relationships between Vietnam and the other economies are quite weak. This can be explained by the fact that Vietnam is one of the countries that has limited instruments in financial markets. Therefore, the internationalization of ASEAN stock markets is limited in Vietnam. Additionally, Thailand started to use derivatives from 2006 while Vietnamese investors have only used future derivatives for trading since 2017.
It is worth mentioning that the criteria for being officially listed in stock exchange, including the number of exchangeable stocks or minimum shareholders in the company, etc., lead to the various levels of dependency structures. In addition, Malaysia, Singapore, Indonesia, the Philippines, and Thailand share similarities regarding geography, religion, and economic growth. Therefore, these characteristics contribute to the interdependency among these stock markets.
The non-parametric approach by chi-plots and K-plots
One of the contributions of this paper is employing a non-parametric approach with Chiplots and K-plots for testing the dependence structure in different ASEAN stock markets. Based on the results shown in Figure 3 in Appendix and Figure 4 in Appendix, we determine that ASEAN countries, except Vietnam, experience a dependency structure. In the Chi-plots estimation, most graphs lay out of the controlling line (− 0.05; 0.05). This means that these random variables are interdependent together at a significance level of 5%. In contrast, the Vietnam index keeps staying in line with the controlling line, which demonstrates that the Vietnam stock market is a separate interaction from the other stock exchanges.
In regards to K-plots, the Kendall-plots method from the literature of Nguyen and Bhatti (2012) showed that, as the points are not linearly distributed along the 45-degree line of most graphs, these random variables are confirmed as dependence structures. Concomitantly, the findings in this section complement the ones obtained by the aforementioned traditional tests. These findings are similar to the previous tests based on Chi-plots.
Therefore, based on two methodologies, we investigate the existence of dependent structures among ASEAN stock markets. A notable point is the separate status of Vietnam's interdependence. It is clear that Vietnam is a 'child' stock market with simple financial products, which restricts its interaction with the other economies through equity capital flows. 
Copulas approach for estimation
In our research, we employ four main families of copulas including Clayton copulas, Gumbel copulas, Gaussian copulas (Normal copula) and t-copulas, which demonstrate the left tail, right tail, and no tail, respectively. In order to maintain robustness, we also perform goodness of fit for testing whether our random variables fit with each copula family or not. Our hypothesis for testing is H 0 : C = C 0 = 0, which considers which copulas family is represented for the level of dependency by each pair. Based on our statistical results in Table 4 , 100% of t-copulas' p-value rejects the null hypothesis above; 87% of Gaussian copulas' p-value also fits rejection. Only 27% p-value under Clayton and Gumbel copulas does not fit rejection. Therefore, we conclude that most estimation appropriately fits with Gaussian and t-copulas, although Embrechts (2009) indicates 99.99% of copulas estimations and their applications fail this test. Thus, we do not rely only on this finding but also interpret the parameters from Log-likelihood to choose the best-fit model for structure explanation. We estimated the parameters based on the Log-likelihood function to choose the best-fit model. The most significant value of Log-likelihood was our basis for choosing the most appropriate copulas function for interpretation. From the results shown in Table 5 , we confirmed that most of the stock index pairs stayed in t-copulas. Thus, it reflected the data visualization in the description of the statistics (mostly the kurtosis phenomenon). Traditional approaches have shown limitations in accounting for those random variables of previous studies with normal distribution and linear correlation. By conducting a test with copulas, we can observe the simultaneous distribution of random variables without indicating their exact shapes.
Our findings on the copulas approach are quite similar to the results shown in the Pearson correlation parameters. The pair of Malaysia and Singapore exhibited the highest dependence structure, whereas Vietnam was less likely to have dependency structures with the remaining stock exchanges in ASEAN. To control for shifts in the market, we recorded results from when the Indonesia stock exchange moved, which led to the co-movement of the Philippines stock index by 0.491 (based on copulas approaches). To summarize, we estimated and calculated the copulas function in order to choose t-copulas for all random variables. Interestingly, it was advantageous to allow the t-copulas parameters to interpret the level of interdependence among the stock indexes over the periods of research. Based on empirical evidence, many studies indicate that the time series of stock indexes vary over such periods. Patton (2001 Patton ( , 2004 Patton ( , 2006 , Jondeau and Rockinger (2003) , Berkowitz et al. (2011), and Creal et al. (2011) suggest that using dynamic copulas will compensate for the limitations of previous studies in that this approach can adapt to time lag as well as changes in information. In order to The test for Goodness-of-fit is inherited from the Eq. 12 and Eq. 13. Furthermore, our hypothesis for testing is H 0 : C = C 0 = 0, H A : C ≠ C 0 ≠ 0. However, Embrechts (2009) utilize the dynamic copulas, we needed to run the model AR-GJR-GARCH (1,1) to extract its residual for time-varying copulas such as T-DCC, G-DCC, time-varying Clayton, and time-varying SJC. Our results are presented in Table 6 . The main difference between t-copulas and time-varying copulas is to change the residual from the AR-GJR-GARCH (1,1) approach to the cumulative t-skew (skew t-CDF) for estimating dynamic parameters and plotting them in the graphs. This means further employing time-varying copulas under Student's t-distribution to investigate the dependence structure. To be more detailed, we refer to a study by Zhang et al. (2014) to alternate between GARCH estimation and copulas. This model shows that the adjustable parameters in model GJR-GARCH and t-copulas accurately capture the level of dependence structures. We refer to the study of Patton (2006) to estimate the parallel parameters in tail dependence as follows:
In which Λ(x) ≡ (1 + e −x ) −1 is the changing logistics function so τ U t ; τ L t ∈ð0; 1Þ∀t. Simultaneously, β U τ U t−1 and β L τ L t−1 are the limits of auto-regression with |u t − j − v t − j |, which is the compulsory variable in the function. The dependence parameter is determined with the following equation: 
The robustness checks for our results are based on the loglikelihood value. The highest value of loglikelihood suggested us to choose the t-Copulas for interpreting our results. Moreover, the parameters (param) demonstrate how strong two equity markets commit Entries set in bold can clearly see the 'Goodness-of-fit'of Copulas
Then, −1 < ρ < 1 is our prerequisite condition whereas Φ −1 is the inversed function for the cumulative distribution function. Therefore, these assumptions are strictly used to build up Eq. 16. In order to keep ρ t ∈ (0, 1) ∀ t, our estimation must choose Λ(x) ≡ (1 − e −x )(1 + e −x ) −1 = tanh(x/2), which follows the rules of the logistics function. Thus, we can determine any pair of variables between Φ −1 (u t − j ) and Φ −1 (v t − j ) to define dependence structure in ARMA (1,0). Zhang et al. (2014) refined the correlation as mentioned earlier with the matrix for time-varying copulas
Then, S is a covariance matrix of ς t , α, β > 0, α + β < 1. Thus, we can interpret that ρ i; j;t ¼ q i; j;t ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi q i;i;t q j; j;t p
In which q i, j, t is a component for matrix; Q t and i, j is a component for a correlation matrix with condition R t . By employing this methodology, we can calculate the related parameters for time-varying copulas in terms of DCC copulas (t-student's distribution of Dynamic Conditional Correlation copulas), Gaussian DCC copulas (Gaussian Dynamic Conditional Correlation copulas), tv-copulas (time-varying copulas), and tv-SJC copulas (time-varying and static bivariate symmetrized Joe-Clayton copulas). Table 7 above shows that the level of dependence structure increases after decreasing shocks. Our findings are relevant to Hansen (1994) . Based on our results, there are 12 Our estimation of model AR-GJR-GARCH (1,1) model is to obtain the estimated coefficients for further following estimation. Therefore, we go through some main characteristics of this model that long run persistence of shocks exists. Moreover, the risk model is consistent and asymptotically normal pairs over 15 couples of variables, which have t-copulas dependence structures (we make our comparisons among the three central figures Akaike, BIC, and Log-likelihood for the maximum value). There are three objectives, Indonesia -Vietnam, the Philippines -Vietnam, and the Philippines -Singapore, that share the dynamic SJC copulas trait. We can deduct in particular the probabilities of increasing or decreasing indexes. In the period from 2001 to 2006, with the decreasing trend by time, when the Philippines index went up, the Singapore stock exchange had the probability of increasing its position by 42% initially. However, the probability of increasing was still 31% at the end of 2006. Interestingly, in the early period of the 2007 financial crisis, the level of dependence structure among these stock indexes were quite high. As regards the pair of the Philippines and Singapore, two markets were interconnected through the dynamic SJC model both in the lower and upper tails.
We also observed that the parameters in traditional copulas moved around the average value of time-varying copulas. Importantly, stock exchanges in the ASEAN region saw co-movements in each pair by time-varying copulas with the left tail (risks) and right tail. As a result, Malaysia shared a lower dependence on the other ASEAN stock indexes. In general, most pairs of stock indexes had a tail-dependence structure, which meant that when one exchange moved the other might have experienced higher probability of one side of two-side movement (increasing or decreasing).
Conclusion and implications
This study employed various methodologies such as the non-parametric (Chi-plots and K-plots) as well as copulas parametric (traditional copulas and time-varying copulas with t-student's distribution) to estimate the dependence structure of all couples of stock indexes in ASEAN countries. With the covered data from January 2001 to December 2017, our study contributes further empirical evidence for contagion risks (or spillover risks) in the transmission mechanism through equity capital flows.
Our results indicate that the level of interconnection of these indexes ranges from 0.4 to 0.5 in the different tests. However, Vietnam experienced the lowest dependence with the other economies. Therefore, during the financial crisis, the mutual influence of these regions on Vietnam was less likely to be harmful to its stock market. The main reason is that Vietnam is a child economy with monotonous financial instruments. Without derivatives and securitization development, Vietnam is isolated on the playing field of risks transmission. It is typical that independence helps Vietnam survive after financial crisis whereas Singapore, Thailand, and Malaysia have a strong relationship together with a tremendous amount of wherewithal in a difficult period.
Additionally, Malaysia represents another case of blocking capital flow in a financial crisis, which supports the country in overcoming contagion risks. The government of Malaysia defined its structural dependence along with the other ASEAN countries; therefore, it can potentially trigger the spillover phenomenon to this economy. Although the International Monetary Fund opposes its policy due to it threatening the free flow of capital, this limitation avoids the flooding of withdrawals from foreign investors, which causes the biggest shock to this market. Recently, Chao et al. (2019) emphasized the role of the supervision process to avoid the possibility of financial crisis, which is associated with macro and micro prudential regulation. Therefore, our contribution also refers to the theoretical framework from Chao et al. (2019) to explain how Malaysia impacted financial capital flows with high dependence structure. Furthermore, we evaluated structural interdependence by different methodologies, using both non-parametric and parametric copulas (traditional and time-varying). We come to a conclusion that copulas models with t-student's distribution are well fitted for our datasets, similarly to Hansen's study (Hansen 1994) . This illustrates how there can be a small increase in the stock index after the minor shock during the financial crisis. We also present empirical findings that time-varying copulas allow users to predict the future trends of dependence structure. Thus, it constitutes premises for those who would like to foresee the co-movements from each pair in ASEAN equity markets. ASEAN countries also pertain to the theoretical and empirical works of Li et al. (2016) , Zhang et al. (2019) , and Kou et al. (2016) in terms of group decision-making. In particular, these countries could minimize the information losses by using a ranking formula with heterogeneous techniques for order preference by similarity. In doing so, the spillover effects could be detected before they become more severe. Therefore, we would like to employ another perspective by using copulas to capture spillover as in the published study of Kou et al. (2016) .
Lastly, we identify implications for both policymakers and investors in the ASEAN region. By supervising the level of interconnection through time-varying copulas, the authorities could immediately intervene in equity markets to maintain their stable movements. This approach allows users to predict future dependence with the past and present dataset. As regards investors, this research could contribute to their techniques in constructing the optimal portfolios based on dependence parameters to define the specific weights. This also constitutes an implication for further research in the future. However, our paper has limitations that could be addressed by those who would like to expand this field, such as the omission of the United States of America and Europe stock markets as well as the other methodologies for testing including vine-copulas, Extreme Value Theory, etc. In particular, we omitted studies using more advanced quantitative techniques such as copula causality as in Dastgir et al. (2019a, b) or other performance measures such as those of Saito (2019) or Eom et al. (2019) . More interestingly, the follow-up studies also employ the alternative techniques from Jiang et al. (2017) and Kou et al. (2012) such as wavelet and VMD-based copula tests and classification algorithms using MCDM and rank correlation for risk model construction. By doing this, further research could bring many contributions to the existing literature and methodology for tail dependence structure. Moreover, in order to increase the reliability of the statistical results, we also suggest that further research employ Bayesian confident interval or Bayesian methods (Maximum Bayes factor). More importantly, further work could be done with the theoretical framework from Kou et al. (2014) and Kou et al. (2019) , which used clustering algorithms and machine learning to estimate systematic risk in their financial models, respectively. These methods will bridge the current gap in traditional statistical models in risk management research. Fig. 3 Chi-plots estimation for dependency structure. In the Chi-plots, we analyze the tail dependence based on the density of plotted points on the marginal line. In case they lie more on the outside, we conclude they will depend on this side Fig. 4 K-plots estimation for dependency structure. The K-plots indicate that there is an inter-relationship between two random and continuous variables, in specific to the subject case, stock index. This can be noticed if the illustrated points do not lie along the 45-degree diagonal line at the tail of the graph, so one can conclude that these variables have mutual structural dependence Fig. 5 Graphs for simulation Copulas with GDCC, tDDC, tvClayton, and tv-SJC for the dependence structure Duong and Huynh Financial Innovation (2020) 6:4
